Abstract A decadal change of the tropical tropospheric temperature (TT) was identified to occur in the winter of 1997. Compared with that in the former period (1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996), the wintertime TT was significantly high over most of the tropical regions except over the tropical eastern Pacific during the latter period (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014) because the sea surface temperature (SST) exhibited a decadal La Niña-like pattern after 1997. The warm SST anomalies over the tropical western Pacific facilitated enhanced precipitation and increased heat release to the tropical atmosphere, leading to a warmer tropical troposphere in the latter period. In addition to the mean TT values, the interannual variability of the tropical TT changed in 1997. The leading mode of the tropical TT explained 72.9 % of the total variance in the former period. It led to significant warming over midlatitude North America via a Pacific-North America (PNA)-like wave train and off the coast of East Asia via an anomalous lowertropospheric anticyclone around the Philippines. The mode remained a similar pattern but explained 85.4 % of the total variance in the latter period, and its location was slightly westward-shifted compared with that in the former period. As a result, the structure of the PNA-like wave train changed, leading to anomalous warming over northwestern North America and enhanced precipitation over the southern North America. Meanwhile, the anomalous lowertropospheric anticyclone around the Philippines shifted westward, leading to increased precipitation and regional warming over East Asia. The decadal changes of the leading mode of the tropical TT and its influences on the extratropical climate can be attributed to the changes of the tropical SST variability.
Introduction
The free tropospheric temperature (TT) is a convenient proxy to reflect the diabatic heating that the tropical atmosphere receives from deep convections and other processes [1, 2] . Compared with the regional-scale patterns of the diabatic heating, the tropical TT and its anomalies often distribute uniformly over the global tropics because the tropical free atmosphere can be easily adjusted by fast equatorial waves and thereby cannot maintain horizontal pressure gradients [1, 3, 4] .
The variations of the tropical TT often lead to changes of the extratropical circulation and climate via altering the Hadley circulation and atmospheric teleconnections [1, 5] . For example, below-normal TT over the Philippine Sea in boreal winter could excite an in situ anticyclonic Rossby wave response and lead to warm anomalies over East Asia [6, 7] , and above-normal TT over the tropical eastern Pacific could excite a Pacific-North America (PNA)-like wave train and lead to warm and wet conditions over northwestern North America [5] .
A major origin of the tropical TT variability can be attributed to the changes of the tropical sea surface temperature (SST) and the attendant deep convections [5, 8, 9] . The SST pattern linked to El Niño-Southern Oscillation (ENSO) is the most crucial to drive the tropical TT variability [1] . Nevertheless, other SST patterns such as the Indian Ocean warming are also important to alter the tropical TT [2] . Given the complex origins of the tropical TT variability, it is often insufficient to reproduce the extratropical circulation and climate responses to the tropical heating in atmospheric general circulation model (AGCM) even though the observed tropical SST is prescribed [10] . By contrast, much better results could be obtained in AGCM when the tropical atmosphere is released to observation via certain techniques [10] . This contrasting result suggests the advantage of using the tropical TT over the SST to investigate the influences of the tropical heating on the extratropical climate.
A decadal shift of SST towards La Niña-like pattern is observed over the tropical Pacific in the late 1990s and early 2000s [11] . Numerous studies have investigated the possible contributions of this decadal SST shift to the global warming hiatus [11, 12] , while less attention was paid to address questions such as how the tropical TT behaves accompanied with this decadal change and what are the resultant influences on the extratropical climate. In this study, we will focus on boreal winter and give a brief answer to the above two questions.
Data and methods
The monthly mean atmospheric data, which has a 1.5°9 1.5°horizontal resolution and extends from 1000 to 1 hPa with 37 vertical pressure levels, are from the ERA-interim reanalysis dataset for the period 1979 to the present [13] . Monthly mean precipitation rate data are from the Climate Prediction Center Merged Analysis of Precipitation (CMAP), which has a 2.5°9 2.5°horizontal resolution for the period 1979 to the present [14] . The monthly mean SST data are from the Met Office Hadley Centre's sea ice and sea surface temperature (HadISST) dataset, which has a 1°9 1°resolution and spans from 1870 to the present [15] . The tropospheric thickness is proportional to the TT under the hydrostatic balance approximation, which is an excellent approximation for the large-scale motions in the real atmosphere [16] .
Hence, the atmospheric thickness between 200 and 850 hPa is used to represent and referred to as the TT hereafter. When the diabatic heating (Q1) is evaluated, we follow the equation 6 in Trenberth and Solomon [17] , which has been used in our previous studies [18] . The tropical strip is defined as the region between 20°S and 20°N, consistent with previous studies [1, 19] . In this study, we focus on boreal winter (December, January and February) for the period from 1979 to 2014, where the winter of 1979 refers to the winter of 1979/80. averaged) TT anomalies for the period 1979-2014. The anomaly was defined as the departure from the mean of 1979-2014. Before the late 1990s, the tropical TT anomalies exhibited a zonal tripole with warm anomalies being located over the eastern Pacific (approximately from 180°to 90°W) and cold anomalies over the rest parts of the tropics. After the late 1990s, in contrast, this tripole generally remained the same pattern but shifted to opposite signs. That is, cold anomalies were located over the eastern Pacific, whereas warm anomalies were located over the rest parts of the tropics. An exception is that warm anomalies were observed throughout the whole tropic around 2002. Despite the exception of 2002 winter, Fig. 1a suggests that the tropical TT experienced a decadal change in the late 1990s.
To validate the existence of this decadal change, the wintertime TT over the whole tropics (0°-360°, 20°S-20°N) were averaged to construct a tropical TT index (Fig. 1b) . A moving t test with a 9-year window was applied to the tropical TT index, and a shift point was detected in the 1997 winter (Fig. 1c) . Several altered window widths were used in the moving t test, and the result remains robust (not shown). Therefore, it confirms that a decadal change occurred to the tropical TT in the 1997 winter. Accompanied with this shift, the mean wintertime tropical TT anomaly increased from -8 gpm during 1979-1996 to 8 gpm during 1997-2014 (Fig. 1b) . In the following part of the paper, the two periods are referred to as the former (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) and latter (1997-2014) period, respectively.
Variations of the tropical TT are usually induced by altered tropical SST and attendant deep convections [5, 8] , so the SST associated with this decadal change of the tropical TT was examined. It reveals that the SST anomalies between the latter and the former period exhibits a La Niña-like pattern, with cooling in the tropical central and eastern Pacific and warming in other oceans (Fig. 2a) . If a zonal mean is concerned, the magnitude of the SST warming is the smallest along the equator and increases with latitude (Fig. 2a) . The significant SST warming in the tropical western Pacific and Atlantic in the latter period facilitates enhanced convection and more rainfall around 120°E and 60°W (not shown), which thereby lead to more latent heat release to the free atmosphere in these regions. Similarly, the SST cooling in the tropical central Pacific facilitates weakened convection, less rainfall, and weakened latent heat release to the atmosphere around 180°(not shown). As a result, the difference of the diabatic heating between the two periods ( Fig. 2b ) broadly resembles that of the SST (Fig. 2a ) despite some discrepancies (e.g., over the Western Africa). The good correspondence between 
Changes of the leading mode of the tropical TT
There are several types of decadal climate change in the climate system [20] . In addition to the mean values, the interannual variability of a certain climate variable may also experience clear decadal changes [20, 21] . In this and the following sections, we will examine whether the leading interannual mode of the wintertime tropical TT changed during the former and latter periods, and if it did, what are their impacts on the extratropical climate.
An empirical orthogonal function (EOF) analysis was applied to the wintertime TT over the tropical strip (0°-360°, 20°S-20°N) to extract the dominant modes of the tropical TT in the two periods. During the former period, the first EOF (EOF1) explains 72.9 % of the total variance and is well separated from the remaining modes according to the criteria of North et al. [22] . The pattern of EOF1 (Fig. 3a) , illustrated by regressing the simultaneous TT onto the normalized first principal component (PC1, Fig. 3b ), shows significant warming over the tropical eastern Pacific, Central America, northern South America, and a band stretching from Africa to western Maritime Continent. With two warming centers straddling the equator at approximately 140°W, the pattern of EOF1 resembles a Matsuno-Gill response to the tropical eastern Pacific SST warming (e.g., Fig. 2 in [1] ). During the latter period, the EOF1 pattern of the tropical TT (Fig. 3c) resembles that of the former period (Fig. 3a) except that the magnitude of anomalies is amplified. For example, the amplitude of the two warming centers straddling the equator over the eastern Pacific increases by approximately 20 % in the latter period, and the locations of the two centers extend westward slightly. Meanwhile, the warming band stretching from Africa to western Maritime Continent expands obviously in both zonal and meridional directions in the latter period. As a result, significant warming can be observed over the eastern Maritime Continent and eastern tropical Atlantic in the latter period (Fig. 3c) , while such signals are missing in the former period (Fig. 3a) . On the other hand, the variance explained by EOF1 of the tropical TT reaches 85.4 % in the latter period, and this ratio is much higher than that in the former period (72.9 %). Therefore, these results suggest that the EOF1 of the tropical TT is more dominant in the latter period.
To reveal the possible causes of the increased dominance of the tropical TT's EOF1 in the latter period, the simultaneous wintertime SST was regressed onto the corresponding PC1 in the two periods, respectively. During both periods, the SST pattern displays El Niño-like anomalies in the tropical oceans (Fig. 4a, b) . Warm SST anomalies are observed in the tropical central and eastern Pacific, Indian Ocean and South China Sea, and horseshoelike cold SST anomalies are observed in the western Pacific. Compared with those in the former period, the warm SST anomalies in the latter period are stronger and cover larger areas in the Indian Ocean and the Atlantic (Fig. 4b) . Meanwhile, the western edge of the warm SST anomalies in the tropical Pacific Ocean extends to approximately 160°E in the latter period (Fig. 4b) , which is about 10°westward than that (170°E) in the former period (Fig. 4a) . These results suggest that the EOF1 of the tropical TT is linked to a more widespread tropical SST warming pattern in the latter period.
The more widespread tropical SST warming pattern in Fig. 4b can be attributed to the increased dominance of the EOF1 modes of the tropical SST in the latter period. Patterns of SST's EOF1 in the former and the latter period are illustrated by regressing the simultaneous SST (Fig. 4c, d ) onto the normalized PC1 of wintertime tropical (0°-360°, 20°S-20°N) SST. They are almost identical to the corresponding SST patterns associated with the EOF1 of the tropical TT (Fig. 4a,  b) in each period. The correlation coefficients between SST's PC1 and tropical TT's PC1 are 0.93 and 0.98 in the former and latter period, respectively, both exceeding the 99 % confidence level evaluated with a two-sided Student's t test. It suggests that the variability of the tropical TT is more closely related to that of the tropical SST in the latter period. Meanwhile, the variance explained by SST's EOF1 increases from 54.9 % in the former period to 68.2 % in the latter period. Therefore, the above two effects will lead to an increase of the variance explained by the tropical TT's EOF1 in the latter period.
Contrasting influences on the extratropical climate

Former period
The decadal change of the EOF1 mode of the tropical TT could lead to different extratropical circulation and climate anomalies. Figure 5 shows the linear regression maps of several meteorological variables onto the normalized PC1 (Fig. 3b) in the former period. When the tropical TT is warmer-than-normal and displays the pattern shown in Fig. 3a , an El Niño-like SST is observed in the tropical oceans (Fig. 4a) . It can lead to lower tropospheric warming over the tropical Indian Ocean and the tropical eastern Pacific (Fig. 5a) , and increased (decreased) (Fig. 5b) . This zonal rainfall dipole can excite a PNA-like wave train in the upper troposphere, which propagates from east of Hawaii Islands across the central Pacific towards North America (Fig. 5c ), leading to negative geopotential height anomalies over northeastern Pacific and southern North America and positive anomalies over northeastern North America. This wave train is equivalent barotropic, and it can weaken the climatological ridge around Alaska and induce anomalous southeasterly winds from Alaska to central North America (Fig. 5d) . As a result, significant warming is observed over midlatitude North America (Fig. 5a) .
The zonal rainfall dipole is thermodynamically coupled to the altered Walker circulation. Anomalous lower-troposphere convergence (divergence) center is located over the tropical eastern (western) Pacific (Fig. 5e) , and anomalous upper-troposphere divergence (convergence) center is located over the tropical eastern (western) Pacific (Fig. 5f ). This configuration could weaken the climatological Walker circulation and facilitate anomalous descent around the Philippines. The resultant suppression of the convective activities and rainfall could excite an anomalous lower-tropospheric anticyclone over the western North Pacific (Fig. 5d) via Rossby wave response [6, 7] . This anticyclone is located to the southeast of the East Asian continent. The associated anomalous southwesterly winds weaken the climatological northeasterly winds in this region [23] , and thereby lead to anomalous warming off the coast of East Asia (Fig. 5a ).
Latter period
During the latter period, when the tropical TT is warmerthan-normal and displays the pattern shown in Fig. 3c , the SST pattern is still El Niño-like (Fig. 4b) , but the western edge of the positive SST anomalies extends approximately 10°westward compared with those in the former period (Fig. 4a) . Therefore, centers of both the lower tropospheric warming and the increased rainfall over the tropical Pacific slightly extend westward by approximately 10°as well (Figs. 5a, b, 6a, b) . In this situation, the PNA-like wave train is still present, but the cyclonic anomalies over the North Pacific shift southward slightly, and the anti-cyclonic anomalies over North America extend northwestward to Alaska (Fig. 6c) . As a result, the cyclonic wind anomalies at 850 hPa are mainly confined over the North Pacific (Fig. 6d) , leading to significant warming over northwestern North America (Fig. 6a) . Meanwhile, the anomalous westerly winds on the south flank of this southward-shifted cyclone facilitate more water vapor flux to the southern North America, contributing to increased precipitation over a zonal band stretching from the US-Mexico border across the Gulf of the Mexico to the western Atlantic.
In the upper troposphere, an anomalous anticyclone is observed over the northeastern Asia (Fig. 6c) . It weakens the climatological East Asian trough [24] and facilitates weakened East Asian winter monsoon. Meanwhile, the anomalous Walker circulation, especially its descending branch around Philippines, shifts westward in the latter period (Fig. 6e, f) . As a result, the suppressed precipitation extends westward and occupies not only the western Pacific but also the eastern Indian Ocean (Fig. 6b) . It further excites an anomalous anticyclone in the lower troposphere (Fig. 6d) via Rossby wave response [6, 7] . The anomalous anticyclone is centered over the South China Sea (Fig. 6d) , which is more westward than that in the former period (Fig. 5d) because the atmospheric response to the tropical diabatic heating is sensitive to the zonal location of the heating anomalies [25] . In this situation, anomalous southerly winds on the west flank of the anticyclone could transport more water vapor towards East Asia and lead to more precipitation over large regions of East Asia (Fig. 6b) . Note that the increase of 850 hPa air temperature is somewhat sporadic over East Asia (Fig. 6a) although the southerly wind anomalies are prominent from the Indochina Peninsula to the south of Japan (Fig. 6d) . It is inferred that the complex topography in southern China may explain this mismatch between winds and temperature [26] .
Summary
On the basis of the ERA-interim reanalysis data, CMAP rainfall data and HadISST SST data, this study identifies a decadal change of the wintertime (DJF) tropical tropospheric temperature (TT), represented by the atmospheric thickness between 200 and 850 hPa, in the late 1990s. A moving t test applied to the tropical (0°-360°, 20°S-20°N) mean TT during 1979-2014 winters indicates a shift point in 1997 (Fig. 1c) . In the former period (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) , the tropical TT anomalies exhibit a zonal tripole with warm anomalies being located over the eastern Pacific and cold anomalies over the rest parts of the tropics. In the latter period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , in contrast, the tripole pattern remains similar but the signs are opposite (Fig. 1a) . Such decadal change can be explained by the decadal La Niña-like SST pattern emerged after 1997 and the attendant anomalous diabatic heating over the tropical regions (Fig. 2) . In addition to the winter mean values, the leading mode of the tropical TT on the interannual timescale and its influences on the extratropical climate also experience clear ) at e 850 hPa and f 200 hPa onto the simultaneous normalized PC1 (Fig. 3b) in the former period (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) decadal changes in 1997. In the former period, the EOF1 of the tropical TT explains 72.9 % of the total variance, and its spatial pattern in the positive phase of EOF1 (Fig. 3a) resembles a Matsuno-Gill response to the tropical eastern Pacific SST warming (Fig. 4a) and the attendant zonal rainfall dipole (Fig. 5b) . The EOF1 mode corresponds to a barotropic PNA-like wave train (Fig. 5c) , which can weaken the climatological ridge around Alaska and thereby induce anomalous warming over midlatitude North America (Fig. 5a) . Meanwhile, the suppressed rainfall around the Philippines (Fig. 5b) can excite an anomalous lower-tropospheric anticyclone over the Philippine Sea (Fig. 5d) . The anomalous southwesterly winds of the anticyclone weaken the climatological northeasterly winds of the East Asian winter monsoon and thereby lead to anomalous warming off the coast of East Asia (Fig. 5a ). In the latter period, the variance explained by EOF1 reaches up to 85.4 %, implying an increased dominance of EOF1 in this period. The pattern of EOF1 shifts westward slightly although the shape of the pattern remains similar to that of the former period. As a result, the anomalous lower-tropospheric anticyclone over the Philippine Sea shifts westward to the South China Sea (Fig. 6d) . The attendant southwesterly wind anomalies extend from the Indochina Peninsula to the south of Japan, facilitating more northward water vapor transport and thereby enhanced precipitation over large regions of East Asia (Fig. 6b) . Compared with that in the former period, the center of the PNA-like wave train over the North Pacific shifts southward slightly (Fig. 6c) . As a result, the southerly wind anomalies of this cyclone are mainly confined over the North Pacific (Fig. 6d) , leading to significant warming over northwestern North America (Fig. 6a) . Meanwhile, the westerly wind anomalies of this cyclone facilitate enhanced moisture transport to the southern North America and contribute to increased precipitation there (Fig. 6b) .
The changes of the leading mode of the tropical TT can be attributed to those of the tropical SST. The variance explained by the EOF1 of the tropical SST increases from 54.9 % in the former period to 68.2 % in the latter period. Meanwhile, the leading mode of the tropical SST is more closely related to that of the tropical TT in the latter period (r = 0.98 vs. r = 0.93), suggesting an enhanced influence of the tropical SST on the tropical TT. Therefore, the dominance of the tropical TT's EOF1 increases in the latter period. On the other hand, the location of the tropical rainfall anomalies associated with the EOF1 of the SST shifts westward in the latter period (Figure not shown) . The extratropical circulation and climate are sensitive to this shift [25] although the magnitude of this shift is not large (approximately 10°). As a result, the climate anomalies over East Asia and North America are different in the latter and the former periods.
Discussion
Given the tropical TT in the latter period is significantly higher than that in the former period, one may ask whether the results reported in Sects. 4 and 5 are caused by the different mean states between the two periods. To answer this question, the analyses in Sects. 4 and 5 were repeated based on the data whose linear trends during the period 1979-2014 were removed. The results remain almost the same when the linear trends are removed (not shown).
Hence, it suggests that the changes in the leading interannual mode of the tropical TT and its influences on the extratropical climate are, at least to a large extent, independent of the changes in the mean state. Another issue is that the two periods are divided by the year of 1997/98 when a strong El Niño occurred. So it is natural to ask whether the results are different if the year 1997, when the shift point is detected (Fig. 1c) , is grouped in the former period. To answer this question, we re-defined the two periods as 1979-1997 and 1998-2014 and repeated the analyses. It reveals that the main features remain the same although some tiny differences are observed (not shown). Therefore, the conclusions reported in this paper remain robust no matter when the shift year (1997) is put in the former or the latter period.
